Abstract: Holographic data storage is a promising technology that provides very large data storage capacity, and the multiplexing method plays a significant role in increasing this capacity. Various multiplexing methods have been previously researched. In the present study, we propose a shift-peristrophic multiplexing technique that uses spherical reference waves, and experimentally verify that this method efficiently increases the data capacity. In the proposed method, a series of holograms is recorded with shift multiplexing, in which the recording material is rotated with its axis perpendicular to the material's surface. By iterating this procedure, multiplicity is shown to improve. This method achieves more than 1 Tbits/inch 2 data density recording. Furthermore, a capacity increase of several TB per disk is expected by maximizing the recording medium performance.
Introduction
Holographic data storage (HDS) has been researched as a next-generation mass optical storage solution [1] [2] [3] . With HDS, information is recorded as a volume hologram in thick photopolymer media. Therefore, it can achieve a higher storage capacity than that of conventional planar optical disks. As a recording medium, photopolymer material is preferred [4] [5] [6] for the following reasons: (1) it is suitable for recording a thick phase-type hologram; (2) it has potential to achieve high diffraction efficiency with low noise, such as scattering; (3) the spectral sensitivity of the medium can be selected with comparative freedom; and (4) deterioration in the hologram does not easily occur. Issues associated with using photopolymer material, such as recording sensitivity and reliability, have been greatly improved, and this medium is currently expected to become a practical medium for HDS applications.
HDS with photopolymer media is promising for archival storage. A reduction in power consumption is an expected requirement, although hard-disk drive (HDD) technology with relatively high power requirements is currently used for archival storage in data centers. If HDS replaces HDD as an archival storage solution, a reduction in power consumption of at least 40% is expected. Considering the progress of magnetic tape or hard-disk technologies used for archival storage, the capacity required by HDS is expected to be 1-10 TB/disk in the near future. These trends indicate that improvement of the recording and reproduction methods of HDS will be required in the future; photopolymer media represents an opportunity to achieve such high-capacity storage.
The multiplexing method plays a key role in determining storage capacity, and numerous multiplexing methods have been previously proposed. Such methods can be classified roughly into Bragg-based and other techniques [3] . Bragg-based methods include angle [7] [8] [9] , wavelength [10, 11] , phase-code [12, 13] , peristrophic [14] [15] [16] , shift [17, 18] , and correlation multiplexing [2] . These methods depend on the effect of Bragg selectivity, which is determined by calculating the thickness of the medium and the wavelength and geometry of the optical system. Multiplexing methods based on other principles include polytopic [19] and aperture multiplexing [20] , which are based on conservation of momentum and optical correlation.
In the present study, we examine the potential of achieving high recording density in the recording and reproduction method by combining peristrophic multiplexing and shift multiplexing with spherical reference waves [21] . In the latter method, multiplex recording is enabled simply by displacing the recording medium. However, results of our previous research indicated that the insensitivity of shift selectivity in the radial, or y-axis, direction becomes an obstruction factor to high-density recording; however, shift selectivity in the track direction and that vertical to the medium direction, or z-axis, were sensitive [22, 23] . Thus, it became necessary to enhance shift multiplexing to achieve the target storage capacity by combining it with a peristrophic-multiplexing method that changes the direction of the hologram transportation wave and provides multiple records.
Recording Method
In this section, we describe our proposed shift-peristrophic multiplexing method. Figure 1 shows the conceptual illustration of shift multiplexing with spherical reference waves. In the figure, k s , k r , and k g are signal, reference, and grating vectors, respectively.
Because spherical waves can be expressed as superimposed plane waves advancing in various directions, the shape of the grating varies by location. Therefore, multiplexing is enabled simply by displacing the medium. The required shift amount in the x-direction to suppress crosstalk ∆x can be expressed as [21] :
where z 0 is the location of the reference wave source, L is the medium thickness, and θ s is the incident angle of the signal. In our previous studies [22, 23] , shift selectivity in the y-direction was determined to be inferior compared with the x-and z-directions because the y-direction is parallel to the hologram grating. To improve the recording density by effective utilization of dynamic range, we combined shift multiplexing with spherical reference waves and peristrophic multiplexing. Figure 2 shows the principle of the peristrophic multiplexing. The relation between the wave vector of signal k s , reference k r , and the grating vector k g is also shown in the figure. If the medium is rotated by a minute angle, the Bragg condition is broken by the change in each wave vector, and the recorded hologram is not reproduced. In the event that a new hologram is recorded in the current state, each hologram is independently reproduced without crosstalk. The Bragg selectivity ∆θ of the peristrophic multiplexing with plane wave is expressed as [14] :
where ∆θ is the required rotation angle of the medium to suppress crosstalk, and θ s and θ r are the incident angles of the signal and reference, respectively. High recording density is expected using a recording method that combines such shift multiplexing with peristrophic multiplexing. The procedure of shift-peristrophic multiplexing is as follows. First, shift multiplexing is performed along the x-direction. The medium is then rotated by ∆θ, and shift multiplexing is repeated: the procedure is shown in Figure 3 . Figure 4 shows the recording method for the disk-shaped medium. An optical recording head moves in the direction of the shift multiplexing along the straight line shown in Figure 4 . In addition, only the hologram diameter moves with the y-axis, and shift multiplexing is performed. The shift-multiplexed holograms are recorded at each y-axial track until the disk is full. These holograms occupy all of the disk space by rotating the medium by 10
• . This space is then overwritten with shift-multiplexed holograms. This procedure is executed for each angle, resulting in a series of composite holographic images, and can be fundamentally executed 18 times at intervals of 10
• . Figure 4 shows that a multiple shift also is performed along the x-axis after the medium is rotated by 10
• .
Experimental Evaluation
We experimentally verified the practical effectiveness of shift-peristrophic multiplexing. The composition of the experimental system is shown in Figure 5 . The reference beam became a spherical wave when using an objective lens and is emitted into the medium. After the spatial light modulator (SLM) modulates the signal beam and the hologram's spatial band is limited with a low-pass filter (LPF), the beam is emitted into the medium. The bandwidth of the LPF is about twice the size of the Nyquist D, and D is determined by:
where f is the focal length of the lens for the signal beam, λ is the wavelength, and ∆ is the pixel size of SLM. The over-sampling ratio of the data page is equal to three when the charge coupled device (CCD) signal is detected. Stepping motors are used for the shift and rotation of the medium. The minimum motor steps are 1 µm for the shift and 0.005
• for the rotation. Repeat accuracies are ±0.5 µm for the shift and ±0.02
• for the rotation, respectively. We used the radical polymerization photopolymer as a recording medium. The photopolymer film thickness was 1.5 mm. The dynamic range of the medium indicated by M # is M # ≈ 50. Detailed experimental conditions are shown in Table 1 . Figure 6 shows the results of the rotational selectivity. The horizontal axis shows the rotation angle of the medium, and vertical axis shows relative diffraction power. A single hologram is recorded, and the diffraction power is measured by rotating the medium. The numerical aperture (NA) of the objective lens for the reference beam was 0.4, 0.25, and 0 (plane wave). We determined the rotational selectivity when NA = 0.4 decreased rapidly for peristrophic multiplexing recording, in which spherical reference wave was used although the crosstalk rotation angle was 10
Evaluation of Basic Property
Next, we evaluated shift multiplexing with rotation. First, shift multiplexing was performed 30 times along x-direction with 50 µm intervals. After the shift multiplexing, the diffraction power of the shift-multiplexed holograms was measured (0 • readout). The medium was then rotated by 10 • , and the diffraction power was measured along same x-direction (10 • readout). The results, shown in .
Evaluation of Shift-Peristrophic Multiplexing
Next, we evaluated the shift-peristrophic multiplexing; the experimental methodology is shown in Figure 8 . First, 20 shift multiplexing processes were performed along the x-direction with 50 µm. The medium was then rotated by 10
• , 20 shift multiplexing processes were repeatedly performed up to an angle of 170 • , and the diffraction power from each hologram for each rotation angle was measured. The center of rotation of the medium was always set to the center of the shift-multiplexed holograms. Figure 9 shows the diffraction power at each angle. The horizontal axis indicates the shift amount of the medium, and the vertical axis indicates the diffraction power. Multiplexing nearly 18 times was experimentally proven, and the diffraction power of the hologram changed as the multiplex number increased. A case of reproduced image obtained by this experiment is shown in Figure 10 . Although the image was distorted partially its overall quality is acceptable. The signal-to-noise ratio (SNR) defined by:
was 3.5 dB, where µ 0 and µ 1 are the average number of black and white pixels, and σ 0 and σ 1 are the standard deviations of number of black and white pixels, respectively. We obtained at least 1.5 dB from the other holograms. Therefore, it is confirmed that a relatively high multiplexing number can be achieved when recording using shift multiplexing together with peristrophic multiplexing. The optimization of the method and improvement of the medium will be studied in future research to further improve storage density. (a) (b)
Conclusions
It was shown that high recording density is possible using a compound multiplexing method that combines shift multiplexing with peristrophic multiplexing. Shift multiplexing with spherical reference waves has been previously studied, and it was determined that the y-axis selectivity is inferior, thereby making high-density recording difficult. It was shown in the present study that y-axis selectivity was substantially improved by adding a peristrophic multiplexing method to enable such high recording density. In this paper, we provided fundamental proof of the effectiveness of shift-peristrophic multiplexing and the possibility of high recording density. If shift multiplexing with a 10 µm pitch is combined with a rotation of 10
• , it is possible to easily achieve 1 Tbits/inch 2 recording density. This possibility has been experimentally proven and will be further examined by analysis of a more practical system in the future.
